The effect of interdiffusion on hydrogen-like donor impurity binding energy in a multiple quantum well structure composed of 9 wells and 8 barriers is investigated. The effect of external magnetic field along the growth direction is taken into account as well. The obtained results show that the simultaneous effect of interdiffusion and the external magnetic field give a great opportunity of purposeful manipulation of binding energy and the character of the diffusion effect on binding energy strongly depends on the position of impurity center.
INTRODUCTION
The great progress in the last years of modern technologies in crystal growth have motivated studies of low dimensional semiconductor structures such as quantum wells (QWs), quantum well-wires (QWWs), and quantum dots (QDs). An understanding of the nature of impurity states in semiconductor structures is one of the crucial problems in semiconductor physics because impurities can dramatically alter the properties and performance of a quantum device [1] [2] [3] [4] [5] . The investigation of shallow-impurity states in these systems are presented in several works [6] [7] [8] . Many works related to optical transitions, electronic states and impurity states binding energy have been reported recently [9] [10] [11] [12] [13] [14] [15] [16] . In almost all the references cited above, the calculations have been made in the effective-mass approximation and using variational techniques which in general provide a good interpretation of experimental results associated with effects such as geometrical confinement, applied electric and magnetic fields, hydrostatic pressure and temperature 17, 18 . The inter-diffusion of heterojunctions has been studied in a variety of compound semiconductor systems. The role of interdiffusion and its effect on electronic states and optical properties of quantum well structures are already well understood [19] [20] [21] [22] [23] . The interdiffusion in InGaAsP and Ge/SiGe multiple quantum well structures is observed as well 24, 25 . In this work the effect of interdiffusion on donor impurity states in multiple quantum well (MQW) structure in the presence of external magnetic field is investigated in the framework of variational method. The electron's wave function in the growth direction is obtained by using the shooting method. It is shown that the interdiffusion together with the magnetic field applied in the growth direction are effective tools for the manipulation of impurity binding energy in this system and the effect of these two factors on binding energy is strongly depend on impurity position.
THEORY
Let us consider a MQW system which is composed of 9 wells and 8 barriers. The whole heterostructure is assumed to be sandwiched between two infinitely high barriers. Without violating the generality of the problem one can assume that the impurity is located on z axis with the coordinate i z . We also assume that the well and barrier regions have the same dielectric constant χ . 
/ eB m ω = is the cyclotron frequency, B is the magnetic field induction which is directed along the z axis. The confining potential of this system has the following form 
V is the depth of each well before the diffusion, L is the diffusion length, a and b are the widths of the wells and the barriers respectively. The wave function of the ground impurity state in the framework of variational method can be chosen as 2 ) 2 ( , , ; , ) ( , , , ) ( ; ) ( ; )exp (
where
is the normalization constant, ( ; ) Z L z is the electron ground state wave function in z direction in the absence of impurity which is obtained by using the shooting method, δ is the variational parameter,
is the electron wave function in xy plane and
is the magnetic length. Substituting the variational wave function (4) in the expression for the ground impurity state energy
and taking into account the definition of the binding energy 
where ( )
The value of binding energy can be obtained from the maximization condition 0 ( , , , ) max ( , , , )
where 0 δ is the value of δ , which corresponds to the maximum value of binding energy.
DISCUSSION
The calculations are carried out for the . The potential energy value outside this structure is taken to be infinity. As is seen from the figure the interdiffusion results in two main changes in the potential profile. On the one hand interdiffusion leads to the smearing of the initially rectangular potential and on the other hand it results in the reduction of the overall potential depth. The smearing is occurred due to the intermixing of Al and Ga atoms initially concentrated in the barrier and the well regions respectively, and the rising of the potential bottom is due to the diffusion of Al atoms into the wells from the barriers. It is possible to divide the interdiffusion process in three different stages: In Fig.2 Fig.2a) . With the increasing of magnetic field induction the average value of b E increases and the oscillations become more pronounced due to the stronger localization of electron around the z axis. It is noticeable that the curves corresponding to different values of L intersect at almost one point for the values of impurity coordinate / 2 ( ) i z a n a b = ± + + ( 0, 1,... n = ± ). It is because of no significant change in the localization degree of electron near the interface between wells and barriers because the period of discussed structure is too small comparing with its whole length. Finally comparing Fig.2a and Fig.2b one can observe a stronger oscillations for the larger value of b due to the larger difference in electron's localization degrees in barrier and well regions. One can also note that the diffusion has weaker effect on binding energy in the case of wider barriers (Fig.2b) . E can be explained in the following way. The change of diffusion length leads to the change of the effective distance between electron and impurity in z direction. In the case of 0 γ = there is no quantization in xy plane and the effective distance in xy plane can freely increase (decrease) when the effective distance in z direction decreases (increases) so that the three dimensional effective distance between electron and impurity remains almost constant. In figures 3a and 3c, the arrangements of the curves with respect to the values of L which correspond to the location of impurity in the well and the barrier centers are reversed because by increasing of L the probability of being
electron in the well region decreases, whereas the corresponding probability in the barrier region increases. ) is caused by stronger (weaker) influence of magnetic field on the electron's wave function in the well (barrier) region. Summarizing, the effect of interdiffusion on hydrogen-like donor impurity binding energy in MQW structure composed of 9 wells and 8 barriers is investigated. The electron's wave function in the growth direction is obtained using the shooting method. The effect of external magnetic field with the induction vector directed along the growth direction is taken into account as well. The obtained results show that the simultaneous effects of interdiffusion and the applied magnetic field give a great opportunity of purposeful manipulation of binding energy. In addition, the position of impurity center in MQW can significantly alter the characters of the dependences of binding energy on diffusion length and magnetic field induction.
